Reaction of vinyl radical with oxygen: A matrix isolation infrared spectroscopic and theoretical study
I. INTRODUCTION
The reaction between Cl 2 and acetylene (ethyne, C 2 H 2 ) is a prototype for addition reactions of halogen to carboncarbon triple bonds in organic chemistry. The reaction is believed to proceed via a radical mechanism in which addition of a Cl atom to the triple bond initiates the reaction. 1 The reaction of Cl atom with C 2 H 2 is reported to play an important role in their removal from the marine atmosphere and the polar troposphere; 2-4 the reaction serves also as a sink of Cl atoms in the stratosphere. [5] [6] [7] The Cl + C 2 H 2 reaction has been the subject of numerous experimental 4, [8] [9] [10] [11] [12] [13] [14] and theoretical investigations. 1, 10, 15 These studies indicate that two initial processes, the addition of the Cl atom to C 2 H 2 to form the 2-chlorovinyl radical ( · CHCHCl) and the abstraction of an H atom of C 2 H 2 to form the ethynyl radical ( · CCH) and HCl, are possible for this reaction. The branching ratio of these two channels depends on pressure and temperature. The radical products subsequently undergo further reactions to form stable molecular products such as dichloroethene and higher chlorohydrocarbons. The infrared (IR) absorption experiments reported by Zhu and Yarwood 9 indicate that the photochlorination of gaseous C 2 H 2 in N 2 produces cis-CHClCHCl (16%) and trans-CHClCHCl (84%).
Quantum-chemical calculations indicate that the addition reaction of Cl + C 2 H 2 proceeds via a Cl-C 2 H 2 complex of a) Author to whom correspondence should be addressed. Electronic mail:
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C 2v symmetry to form the 2-chlorovinyl radical, · CHCHCl, with an exothermicity of 57−73 kJ mol −1 . The 2-chlorovinyl radical is predicted to have two isomers: trans-CHCHCl is more stable than cis-CHCHCl by ∼5 kJ mol −1 and the barrier for converting cis-CHCHCl to trans-CHCHCl is ∼16 kJ mol −1 . 15 The spectral identification of the 2-chlorovinyl radical remains unreported.
For reactions of C 2 H 2 with small atoms such as H or F, IR absorption of the radical products of the addition reactions, · CHCH 2 (see Ref. 16 ) and · CHCHF, 17, 18 isolated in noblegas matrices were identified. These species were generated in noble-gas matrices via annealing-induced reactions or via co-deposition of C 2 H 2 and F atoms produced in a microwave discharge. Preceding work indicates that the cage effects associated with conventional Ar or Ne matrices pose some limitation to study the reactions of Cl or Br atoms produced from ultraviolet (UV) photolysis of Cl 2 or Br 2 in situ. The Cl or Br atoms produced in these matrices cannot escape the original matrix cage easily; consequently the observed products typically involve the reaction of both halogen atoms. 19, 20 The use of solid para-hydrogen (p-H 2 ) as a matrix host has generated considerable interest in recent years because of the unique properties associated with this quantum solid. [21] [22] [23] [24] The diminished matrix cage effect makes feasible investigations of free radicals via direct photolysis of precursors [25] [26] [27] or bimolecular reactions induced from photolysis in situ. [28] [29] [30] [31] Raston and Anderson 32 employed laser emission at 355 nm to photodissociate Cl 2 trapped in solid p-H 2 at 2 K and produced isolated Cl atoms. It is thus expected that reaction of Cl with other small molecules might produce free radicals that are difficult to produce in noble-gas matrices. Our research group has demonstrated that irradiation of a Cl 2 /CS 2 /p-H 2 matrix with UV light at 340 nm results in reaction products containing only a single chlorine atom: ClSCS, ClCS, and ClSC. 28 Similarly, UV radiation of matrices Cl 2 /C 2 H 4 /p-H 2 and Cl 2 /propene/p-H 2 with light at 365 nm produces 2-chloroethyl ( · CH 2 CH 2 Cl) 29 and 2-chloropropyl ( · CH 2 CHClCH 3 ) radicals, 30 respectively. In this paper, we report IR absorption spectra of the reaction products resulting from UV irradiation of p-H 2 matrices containing Cl 2 and C 2 H 2 (or 13 C 2 H 2 , C 2 D 2 ); the addition product · CHCHCl reacts readily with neighboring p-H 2 to form 1-chloroethyl radicals ( · CHClCH 3 ) and chloroethene (C 2 H 3 Cl) as major products.
II. EXPERIMENTS
A gold-plated copper block, maintained at 3.2 K, served as both a cold substrate for the matrix sample and a mirror to reflect the incident IR beam to the detector. 28, 33 The low temperature was achieved with a closed-cycle refrigerator system (Janis RKD-415). Typically, gaseous mixtures of C 2 H 2 /p-H 2 and Cl 2 /p-H 2 were co-deposited over a period of 5−8 h at flow rates of 7−8 mmol h −1 . The mixing ratio of the C 2 H 2 /p-H 2 mixture was 1/1000−1/2000, and that of Cl 2 /p-H 2 mixture was 1/600−1/4000.
IR absorption spectra were recorded with a Fouriertransform IR spectrometer (Bomem, DA8) equipped with a KBr beam splitter and a HgCdTe detector cooled to 77 K to cover the spectral range 500-5000 cm −1 . Typically, 500 scans at 0.25 cm −1 resolution were co-added at each stage of the experiment. All spectra were recorded at 3.2 K. Excitation of the solid p-H 2 with IR light in the range 4000-5000 cm −1 induces reactions of Cl atoms with p-H 2 to form HCl. 34, 35 In our experiments when Cl atoms were present in the p-H 2 matrix, an IR filter with a cutoff wavelength at 2.4 μm (Andover Co.) was therefore used when recording the IR spectra to avoid the reaction of Cl + H 2 .
In some experiments, after the initial co-deposition of the Cl 2 /p-H 2 and C 2 H 2 /p-H 2 mixtures, the matrix was annealed at 4.3 K for up to 0.5 h to enhance production of the complex between Cl 2 and C 2 H 2 . To produce Cl atoms for reaction with C 2 H 2 , the Cl 2 /C 2 H 2 /p-H 2 matrices were irradiated with light at 365 ± 10 nm from a light-emitting diode (Honle UV Technology, 375 mW) for 2-5 h. Following the photolysis at 365 nm, the matrix was sometimes annealed to 4.3 K to induce further reaction. Secondary photolysis was performed using one or more of the following light sources: a globar with a bandpass filter passing 3870-4980 cm −1 (W02296-7, OCLI Products), a low-pressure Hg lamp (Pen-Ray lamp, UVP) with or without a bandpass filter passing 254 ± 10 nm (ESCO Products), and a Zn lamp without a filter. The increase or decrease in line intensities in different extent observed after photolysis enables us to separate observed lines into various groups that are attributable to various products.
p-H 2 was produced by catalytic conversion at low temperature in which normal H 2 gas (99.9999%, Scott Specialty Gases) was passed through a copper coil filled with a hydrated iron (III) oxide catalyst (catalyst grade, 30−50 mesh, SigmaAldrich) that was cooled with a closed-cycle refrigerator (Advanced Research Systems, DE204AF). Before entering the coil containing the catalyst, the H 2 gas was passed through a trap cooled to 77 K. The efficiency of the conversion is controlled by the temperature of the catalyst, which was typically 13-14 K in these experiments. At this temperature, the mixing ratio of o-H 2 is less than 100 ppm according to the Boltzmann distribution.
III. RESULTS
A. Calculations on the C 2 H 2 -Cl 2 complex, 2-chlorovinyl ( · CHCHCl), and 1-chloroethyl ( · CHClCH 3 ) radicals
The equilibrium geometries, vibrational wavenumbers, IR intensities, and energies were calculated with the GAUSSIAN 09 program. 36 Our calculations are based on B3LYP density-functional theory 37, 38 and the secondorder Møller-Plesset perturbation theory (MP2). 39 Dunning's correlation-consistent polarized-valence double-zeta basis set augmented with s, p, d, and f functions (aug-cc-pVDZ) (Ref. 40 ) was used in both methods. Algebraic first derivatives were utilized in geometry optimization, and harmonic vibrational wavenumbers were calculated analytically at each stationary point. The anharmonic effects were calculated by second-order perturbation approach using effective finite difference evaluation of the third and semidiagonal fourth derivatives.
The C 2 H 2 -Cl 2 complex
The calculations predicted that the most stable structure of C 2 H 2 -Cl 2 is a T-shaped bπ -aσ complex. [41] [42] [43] [44] The structural parameters predicted with the B3LYP/aug-cc-pVDZ method are shown in Fig. 1(a 
2-Chlorovinyl ( · CHCHCl) and 1-chlorovinyl ( · CClCH 2 ) radicals
The 1-chlorovinyl ( · CClCH 2 ) radical is predicted to be the most stable isomer of chlorovinyl radicals, with its energy smaller than that of trans-CHCHCl by 13.9, 12.7, and 12.4 kJ mol −1 , respectively, according to the B3LYP/aug-ccpVDZ, MP2/aug-ccpVDZ, and CCSD(T)/aug-ccpVDZ//CCSD/6-31G(d,p) methods. 15 However, 1-chlorovinyl cannot be produced directly from Cl + C 2 H 2 . Isomerization from 
The 1-chloroethyl ( · CHClCH 3 ) radical
The geometries of the 1-chloroethyl radical computed in this work at the B3LYP/aug-cc-pVDZ levels are shown in Fig. 2(a) ; the structural parameters derived with the MP2/augcc-pVDZ method are listed in parentheses. They agree with the values reported by Brana et al.. using the QCISD/6-31G(d,p) method. 45 The harmonic vibrational wavenumbers and IR intensities predicted with the B3LYP and MP2/aug-ccpVDZ methods for · CHClCH 3 and · 13 CHCl 13 CH 3 are listed in Table III .
Three stable conformers of · CDClCH 2 D are shown in Fig. 2(b) . We designate the conformation by the relative position of the two D atoms. The dihedral angles of the C*−C−D plane relative to the D−C*−C plane, in which C* indicates the carbon atom that bonds with the Cl atom and has an unpaired electron, are −25. 
Experiments of Cl 2 + C 2 H 2 in natural abundance
The infrared spectrum of C 2 H 2 in p-H 2 at 3.2 K in the spectral region between 500 and 4000 cm 47 and isolated in Ar 48 and Kr. 49 In a more dilute C 2 H 2 sample in solid p-H 2 , the line at 733. 8 43 as listed in Table I . These lines are consistent with theoretical predictions of vibrational wavenumbers of C 2 H 2 -Cl 2 , 44 as listed in Table I ; predicted anharmonic vibrational wavenumbers fit better. Activation of the originally forbidden C≡C stretching mode near 1968.8 cm −1 and the Cl−Cl stretching modes near 539.4 and 532.3 cm −1 is due to the interaction between Cl 2 and C 2 H 2 .
Experiments with the 13 C-and D-isotopic species
The vibrational wavenumbers of 13 C 2 H 2 -Cl 2 and C 2 D 2 -Cl 2 observed experimentally and calculated with the B3LYP and MP2 methods are also summarized in Table I . subtracting the spectrum of a Cl 2 /C 2 H 2 /p-H 2 (1/2/6000) matrix, deposited at 3.2 K for 7 h, from the spectrum recorded after irradiation at 365 nm for 5 h is presented in Fig. 3(a) ; lines pointing upwards indicate production. A difference spectrum obtained on subtracting the spectrum of a Cl 2 /C 2 H 2 /p-H 2 (1/1/2000) matrix, deposited at 3.2 K for 5 h and annealed at 4.3 K for 0.5 h, from the spectrum recorded after irradiation at 365 nm for 3 h is presented in Fig. 3(b) . The difference spectrum obtained after annealing of this irradiated matrix at 4.3 K for 0.5 h is shown in Fig. 3(c) .
The difference spectrum obtained after subsequent irradiation with light in spectral range 3870−4980 cm −1 is shown in Fig. 3(d) . The IR irradiation of the matrix excites H 2 molecules and allows reaction of H 2 with Cl 
These new features in Figs. 3(a) and 3(b) are separated into two major groups (A and X) and two minor ones (B and C) according to their behavior under secondary photolysis or annealing to 4.3 K, and also from the results of experiments in which larger concentrations of Cl 2 in the Cl 2 /C 2 H 2 /p-H 2 mixture were used. The lines of group A, marked "A" in Fig. 3(a) and listed in Table V , are readily assigned to chloroethene, C 2 H 3 Cl, based on a comparison of the observed line positions with literature values 50 and a control experiment in which an authentic sample of C 2 H 3 Cl/p-H 2 was deposited at 3.2 K. The intensity of lines in this group increases when the matrix was irradiated with IR light, as indicated in Fig. 3(d) .
The intense features marked as group X in Fig. 3 (a) and listed in Table III appeared after irradiation of the matrix at 365 nm, but their intensities decreased slightly when the matrix was subsequently irradiated with IR light, as shown in Fig. 3(d) . Weak lines at 3100.8, 2970.2, 2902.3 (all marked "X?"), and 1106.0 cm −1 (not shown) might be associated also with group X. This behavior indicates that these features are likely associated with an unstable species that reacts with vibrationally excited H 2 or H atoms. These lines of group X are assigned to the 1-chloroethyl ( · CHClCH 3 ) radical, to be discussed in Sec. IV A.
The lines of group B, as shown in Fig. 3 (b) and listed in Table V , appeared after irradiation of the Cl 2 /C 2 H 2 /p-H 2 (1/1/2000) matrix at 365 nm but their intensities are much smaller in a matrix with more diluted Cl 2 , for which only lines at 1058.7 and 702.8 cm −1 are clearly visible in Fig. 3(a) ; their intensities remained nearly unchanged upon further IR irradiation. These features are readily assigned to 1,1-dichloroethane, CHCl 2 CH 3 , based on the literature spectra of this compound and the observation of enhanced intensity of lines in this group when an increased mixing ratio of Cl 2 in the Cl 2 /C 2 H 2 /p-H 2 matrix was used.
Weak lines of group C at 1440.0 and 948.4 cm −1 are assigned to ν 7 and ν 12 modes of C 2 H 4 , respectively, according to literature values 29, 51 and our experiments with C 2 H 4 /p-H 2 . As shown in Fig. 3(d) , the intensities of these features increased greatly and additional lines in this group appeared after IR irradiation.
Upon IR irradiation, intense lines due to HCl at 2894.2 and 2892.1 cm −1 increased substantially. 34, 35 Weaker lines indicated as group D in Fig. 3(d) and listed in Table V appeared. These features are clearly due to chloroethane (C 2 H 5 Cl) because the observed line positions are similar to those of the gaseous C 2 H 5 Cl. 52 We observed in Fig. 3(d Fig. 4(a) . A similar spectrum obtained on subtracting the spectrum of the Cl 2 / 13 C 2 H 2 /p-H 2 (1/1/2000) matrix, deposited at 3.2 K for 7 h, from the spectrum recorded after irradiation at 365 nm for 3 h is presented in Fig. 4(b) .
Lines in group A, assigned to 13 C 2 H 3 Cl, were identified at 3073.9, 1561.7, 1356.8, 1274.9, 1016.9, 941.1, 886.9, 703.0, 697.5, and 612.6 cm −1 , as listed in Table V and marked as "A" in Fig. 4(a) . The largest isotopic shift was observed for the C = C stretching mode with a shift of 48. Table III and marked as "X" in Fig. 4(a) . Weak lines at 3091.0, 2958.6, 2889.5, 1441.4, and 1064.0 cm −1 might also belong to group X and are marked as "X?" in Fig. 4(a) 
Experiments with the Cl 2 /C 2 D 2 /p-H 2 matrix
We performed a few experiments with C 2 D 2 replacing C 2 H 2 . The difference spectra obtained after irradiation at 365 nm of the Cl 2 /C 2 D 2 /p-H 2 (1.5/1.0/3000) matrix and after further irradiation in the 3870−4980 cm −1 region are shown in Figs. 5(a) and 5(b), respectively.
Lines in group A shifted to 1560.6, 1268.1, 993.9, 851.5, 697.6, and 692.0 cm −1 (group A t in Table V and Fig. 5(a) Table IV . They are assigned to · CDClCH 2 D, to be discussed in Sec. IV B.
As a result of secondary IR irradiation of the 365-nm irradiated Cl 2 /C 2 D 2 /p-H 2 matrix, lines due to the formation of minor products cis-CHDCDCl (group A c ), syn-CH 2 DCHDCl (group D a ), anti-CH 2 DCHDCl (group D b ), cis-CHDCHD (group C c ), trans-CHDCHD (group C t ), trans-CHDCHD-HCl complex (group C 1t ), and C 2 H 3 D (group C H ) were observed, as indicated in Fig. 5(b) with observed wavenumbers listed in Table V . A comparison with calculated vibrational wavenumbers and IR intensities of these products is listed in The expected carrier of the new lines in group X is the product of the Cl + C 2 H 2 addition reaction, cis-or trans-CHCHCl, or their secondary reaction products, but observed line positions and relative IR intensities do not match with those predicted for cis-and trans-CHCHCl, as listed in Table II . The intense IR lines of trans-CHCHCl are predicted at 1637, 826, 783, and 639 cm −1 , and those of cisCHCHCl are at 1635, 821, 618, and 578 cm −1 , both inconsistent with our observation. These features of group X can neither be ascribed to the products of a H-abstraction channel, the ethynyl radical (C 2 H) or the C 2 H-HCl complex. Vibrational wavenumbers of C 2 H isolated in a Ne matrix are reported to be 3293.3 and 1835.5 cm −1 , 56-58 inconsistent with our observation.
From Fig. 3(d) , we observed that lines in group X diminished upon secondary IR irradiation, whereas those of C 2 H 5 Cl increased. We reasonably assume that, upon secondary IR irradiation of the matrix, this species reacts with H or H 2 to form C 2 H 5 Cl. The most likely candidate for this unstable carrier of lines in group X is thus the C 2 H 4 Cl radical. Two isomers of C 2 H 4 Cl are stable: 1-chloroethyl ( · CHClCH 3 ) and 2-chloroethyl ( · CH 2 CH 2 Cl) radicals. These radicals are expected to react readily with H or H 2 to form C 2 H 5 Cl upon irradiation of the p-H 2 matrix with IR light.
Our group reported the infrared spectra of 2-chloroethyl radicals observed upon irradiation at 365 nm of a matrix containing Cl 2 and C 2 H 4 ; 29 lines at 3129.3, 3041.1, 1228.0, 1069.9, 664.0, and 562.1 cm −1 are assigned to · CH 2 CH 2 Cl, with the line at 664.0 cm −1 being the most intense. Observed lines in group X do not match with those of the 2-chloroethyl radical.
The three most intense IR lines under 2000 cm −1 predicted for the 1-chloroethyl ( · CHClCH 3 ) radical with the B3LYP method are at 1283, 1025, and 720 cm −1 (Table III) . They are assigned to the CCH bending, CH 3 rocking, and C−Cl stretching modes, respectively. These values fit satisfactorily with the three most intense lines at 1283.4, 1027.6, and 738. might be associated also with group X; the wavenumbers are consistent with harmonic vibrational wavenumbers predicted near 3224, 3105, 3052, and 1115 cm −1 , as compared in Table III. For the 13 C-substituted species, these three most intense lines shift to 1272. Table III . For lines at 2861.2, 1426.6, and 1377.1 cm −1 , the 13 C-isotopic shifts are −3.8, −2.5, and −10.7 cm −1 , consistent with predicted values of −5.9, −2.2, and −11.7 cm −1 , respectively. Although the deviation between observed and predicted isotopic shifts for the line at 2861.2 cm −1 seems slightly larger than for other lines, the corresponding isotopic ratios of 0.9987 and 0.9980 are similar. The larger discrepancy in the isotopic shift is mainly due to the large anharmonicity for the C−H stretching mode that results in a large deviation in observed vibrational wavenumbers and predicted harmonic vibrational wavenumbers.
Based on the photolytic behavior, comparison of observed and predicted vibrational wavenumbers, relative IR intensities, and 13 C-isotpic shifts, we assigned lines in group X to the 1-chloroethyl ( · CHClCH 3 ) radical. When C 2 H 2 is replaced with C 2 D 2 , we expect that · CDClCH 2 D or · CHDCHDCl to be formed if both additional hydrogen atoms come from the p-H 2 matrix host. Because the 2-chloroethyl ( · CH 2 CH 2 Cl) radical has been excluded as the possible carrier for lines in group X, as discussed in Sec. IV A, the most likely carrier of these features in this experiment is · CDClCH 2 D. As a further proof, the predicted IR lines for conformers of · CHDCHDCl, listed in Table S1 in the supplementary material, 46 fail to match with our experimental observations of lines in group X. Figure 5 compares the lines in group X observed in the Cl 2 /C 2 D 2 /p-H 2 experiments (trace a) with the simulated IR spectra (traces c−e) for the three conformers of · CDClCH 2 D. Although we are unable to exclude positively the contribution of a specific conformer, observed lines of group X in these experiments fit best with those predicted for syn-CDClCH 2 D, as shown in Fig. 5(c) and compared in Table IV In this experiment, we observed C 2 H 3 Cl and · CHClCH 3 as the major products but no IR absorption ascribable to trans-CHCHCl or cis-CHCHCl or the C 2 H 2 -Cl complex. 
B. Assignments of observed lines in the
The H atom produced in reaction (1) might also react with CHCHCl to form C 2 H 3 Cl,
The enthalpy change of reaction (1) is about −6 kJ mol
if we compare the bond energy of H 2 (436 kJ mol −1 ) and the enthalpy change of −442 kJ mol −1 for reaction (3) predicted with the QCISD(T)/6-311+G(d,p) method. 59 Mebel et al. investigated a similar system C 2 H 3 + H 2 using UMP2/6-311G(d,p) and QCISD/6-311G(d,p) methods and concluded that direct 1,1-or 1,2-insertion of H 2 to C 2 H 3 to form C 2 H 5 does not occur. The reaction proceeds with a barrier of height 44 kJ mol −1 to form C 2 H 4 + H, followed by a second barrier of height 20 kJ mol −1 to form C 2 H 5 , which has energy 169 kJ mol −1 smaller than that of C 2 H 3 + H 2 . 60 The reaction channels of the reaction C 2 H 3 + H 2 → C 2 H 4 + H → C 2 H 5 are similar to those of reactions (1) and (2) .
We performed similar calculations on the · CHCHCl + H 2 system using the G2//MP2/6-311++G(d, p) method and found a similar trend, as shown in Fig. 6 . Reaction (1) proceeds with a barrier of height 32 kJ mol −1 to form C 2 H 3 Cl + H. Reaction (2a) is followed by a second barrier of height 10 kJ mol −1 to form · CHClCH 3 , which has energy 194 kJ mol −1 lower than that of · CHCHCl + H 2 . Reaction (2b) has a barrier of height 24 kJ mol −1 to form · CH 2 CH 2 Cl, which has energy 177 kJ mol −1 lower than that of · CHCHCl + H 2 . According to calculations using the QCISD(T)/aug-cc-pVDZ method, the energy of 1-chloroethyl is ∼10 kJ mol −1 less than that of 2-chloroethyl, 45 our calculated value of 17 kJ mol −1 is consistent with this result. Reaction (2) was also investigated by Barat and Bozzelli using the quantum Rice-Ramsperger-Kassel (QRRK) method. An activation energy of 12 kJ mol −1 and exothermicity of 169 kJ mol −1 were derived for reaction (2a), whereas an activation energy of 24 kJ mol −1 and exothermicity of 152 kJ mol Although this work demonstrates one disadvantage of using p-H 2 as a matrix host for spectroscopy of free radicals, as the host might react with highly reactive free radicals even at low temperature, the latter reaction might produce other free radicals-in this experiment, the 1-chloroethyl radical, · CHClCH 3 -that are difficult to produce using conventional methods.
